INTRODUCTION
Large movements in the visual field trigger stereotypic eye movements in vertebrates. This optokinetic response (OKR) is robust in zebrafish (Danio rerio) larvae older than 4 days post-fertilization (dpf), and is hence ideally suited for use in the evaluation of visual performance after genetic manipulations. This protocol describes a simple method by which a computer-generated visual stimulus is projected onto a screen and watched by immobilized larvae. The resulting eye movements are recorded and evaluated automatically, using a digital video camera and appropriate computer software. Depending on the sophistication of the software used, the evaluation can be performed in real time during the recording session, or by analyzing the recorded movie files off-line.
MATERIALS Reagents

E3 medium
Methyl cellulose solution (prewarmed to 28°C)
Zebrafish (adult)
Equipment
Box (wet, wrapped with Parafilm) (optional; see Step 10)
Computer for measurement, including customized software for camera operation, control of the stimulus, and eye recording and analysis Dedicated commercial software is not available; however, macros can be written easily and used within most image analysis programs, e.g., LabView IMAQ software (National Instruments) 1. Connect the DLP projector to the graphics board of the stimulus computer (equipped with software for generation and control of the stimulus pattern) and set up an image-mapping function. Because a flat image is projected onto the curved surface of the screen, the program must use a mapping function. We use x' = R x tan (x / R), where x' is the horizontal coordinate on the screen, x is the position where the ray would hit a flat screen, and R is the radius of the screen.
2. Project the light beam via an optical bench consisting of two convex lenses, an iris, and optional OD filters to a cylindrical translucent diffusion screen. Attach the diffusion screen to a 90-mm Petri dish. The size of the projection on the screen should cover the entire visual field of the eye as it is exposed to the screen. For 5-d-old zebrafish larvae, we use 99° horizontally and 52° vertically.
3. Linearize the DLP projector manually, by measuring the light intensity of different projector settings on the screen using a photometer.
4. Illuminate the binocular microscope with infrared light from below.
5. Connect the video camera to the binocular microscope and to its trigger.
6. Connect the video camera and camera trigger to the grabber card of the measurement computer (equipped with customized software for recording and analyzing images from the video camera).
7. Connect the measurement and stimulus computers to each other.
Preparation of Larvae
Larvae survive this procedure without difficulty, and thus, can be used for further analyses.
8. Mate adult zebrafish and collect eggs the following day.
9. Raise embryos in E3 medium at 28°C in a constant light/dark cycle.
Measurement of OKR
Measurements can be performed using embryos between 4 and 10 dpf. 11. Switch on the video camera and its trigger, the projector, the infrared lamp, and both computers.
12. Place a larva under the binocular microscope orthogonally to the light beam (so that only one eye is exposed to the screen), and center the larva in the visual field of the camera. See Figure 2 . See Troubleshooting.
Start the stimulus pattern on the stimulation computer.
We set standard stimulus velocity to 60 pixels/sec with a screen resolution of 800 x 600 pixels, one-way stimulus duration to 3 sec, and spatial frequency to 0.6 cycles/degree. Depending on the paradigm, parameters are changed (stepwise) within a range of 1%-100% for contrast, 0.2-5.0 cycles/degree for spatial frequency, and 20-180 pixels/sec for temporal frequency.
14. Record the eye movement with the customized recording software on the measurement computer, and evaluate the angular position of the eye. Calculate eye velocity (deg/sec) from this. Figure 3 . The stored movie files also can be evaluated after the recording session is over (e.g., using ImageJ software, available at http://rsb.info.nih.gov/ij/) , instead of taking real-time measurements.
An example of a typical measurement using real-time tracking is shown in
View larger version (35K):
[in this window] [in a new window] Figure 3 . Example of an OKR measurement in which contrast was decreased, stepwise, from 100% to 1%. (A) Camera image of the 5-d-old larva showing the computer-based extraction of the eyes (identified because of their strong pigmentation). The lowest panel shows the overlay. Real-time tracking of the eye extraction image revealed the eye movement in terms of eye angle (B) and eye velocity (C). After the measurements were taken, the raw, real-time data shown in B and C were filtered for saccadic eye movements (D) and averaged for each contrast condition (E).
See Troubleshooting.
TROUBLESHOOTING
Problem: Methyl cellulose solution is too fluid when reused.
[Step 10]
Solution: During the transfer of the larva from the E3 medium to the methyl cellulose solution, try to avoid dilution of the methyl cellulose solution with medium.
Problem:
Methyl cellulose solution is too sticky when reused.
[Step 10]
Solution: Make sure that the storage box is thoroughly wet and completely closed. It may also help to wrap each Petri dish with Parafilm.
Problem: Larva is not immobile for measurement.
[Step 12]
Solutions: Consider the following:
Wait a couple of minutes after embedding the larva in methyl cellulose solution before measurement; the larva should eventually become calm.
Make sure that the larva is positioned dorsal side up instead of ventral side up.
Use light-adapted animals when compatible with the experiment; they tend to be less mobile during the measurement.
Use new methyl cellulose solution (it could be too diluted), or try a higher concentration of methyl cellulose.
Problem:
No eye movement is observed. The larva could be blind; measure a healthy wild-type larva as a control.
There may not be stimulation on the screen or it may be too weak; check the stimulation computer, projector, and optical bench.
The velocity of eye movements is low.
[Step 14]
Solution: Consider the following:
Make sure that the stimulation computer runs stably; program and use an acoustic signal to indicate any irregularities in stimulus pattern velocity.
Look for light sources in the behavior room which could influence the stimulation itself or the recording of the CCD camera. Optionally, turn off the screens of both computers during the measurement.
Check the quality of the methyl cellulose solution, noting bubbles, specks, or blurry color, and replace if necessary.
Readjust the optical bench.
Measure the light intensity of the projector lamp with a photometer.
Check the communication between the camera trigger and the camera.
Check the communication between the measurement computer and the camera and camera trigger.
DISCUSSION
The computer-based OKR setup described here can also be used for other fish or amphibian larvae, provided the eyes are clearly silhouetted against the rest of the body and there is enough oxygen supply through the skin.
OKR in zebrafish larvae can be reliably recorded from 4 dpf until ~10 dpf. At later stages, oxygen supply through the skin is no longer sufficient, presumably due to scale formation (reviewed in Huang and Neuhauss 2008) .
The advantage of computer-driven stimulation, in contrast to rotating drums fitted with stripe patterns, is that the stimulus can be precisely controlled during the experiment (Rinner et al. 2005) . The described setup uses monocular stimulation, which is advantageous for a number of applications. With slight modification of the recording setup, the movements of the unstimulated eye can also be evaluated, e.g., to study the degree of conjunction.
